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ABSTRACT 
It is shown  that  the  rock  types  most  commonly 
expected  to  be  encountered  on  the  lunar  surface  can  for  the 
most part  be readily distinguished, chemically,  by plott ing 
their   re la t ive  concentrat ions of Fey  Mg and A1 on a t e r n a r y  
var ia t ion diagram. The necessary  da ta  for  charac te r iz ing  
an  unknown as to   rock  type  can  be  qui te   easi ly   extracted  f rom 
comple te   o r   par t ia l  mass spec t ra   such  as  may  be  obtained  by 
m e a n s  of a robot mass spectrometer   on  the  lunar   surface.  
For   mos t   composi t ions ,   de te rmina t ion  of only two nuclide or 
e lement  ra t ios  wi l l  charac te r ize  the  sample .  For  o thers ,  
the  determinat ion of one  addi t ional   ra t io   or   comparison  with a 
few  standard  spectra  previously  obtained  in  the  laboratory  may 
be   necessary   to   c lass i fy   the   unknown  in   t e rms  of the  chemistry 
of te r res t r ia l  o r  meteor i t ic  equiva len ts .  No quantitative assay 
of element  concentrations is necessary   for   such  a f i r s t  
classification. 
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THE DISTINCTION O F  ROCK TYPES ON THE BASIS 
O F  THEIR MASS SPECTRA, WITH SPECIAL 
REFERENCE  TO  LUNAR-SURFACE  APPLICATIONS 
Introduction 
Rocks are usua l ly   c lass i f ied   on   the   bas i s  of the i r   minera l   conten t  
which  may be either  that   obtained  by  inspection  and  counting  (mode)  or 
tha t   ca lcu la ted   f rom a chemica l   ana lys i s   i n   t e rms  of no rma l   mine ra l   "mol -  
ecu les"   (norm) .  It is the objective of t h i s   pape r   t o   desc r ibe  a method for  
a fast and  reasonably  unambiguous  dist inction of some   rock   t ypes  on  the 
bas i s  of data   obtained  f rom a remote  robot   analysis  as  may  be   requi red  
in  future  1u.nar and  p lane tary  sur face  exper iments .  This  method employs  ' 
a minimum  number  of e lements ,   does   no t   requi re   the   cumbersome  ca lcu-  
lation of a norm,   and  is espec ia l ly   su i ted   to   the   in te rpre ta t ion  of data  
obtained  f rom a m a s s   s p e c t r o m e t r i c   a n a l y s i s .  
Today 's   most   widely  accepted  theories  on the   chemica l   composi -  
t ion of the  lunar   surface  var iously  hold  that  it cons is t s  of rocks   compar -  
able in composition, if no t  necessar i ly  in  tex ture ,  to  gran i tes ,  basa l t s ,  
t ek t i tes ,  and  var ious  c lasses  of s tone  meteor i tes .  (See  e .  g .  O'Keefe 
(1960),  Miyamoto (1960),  O'Keefe and Cameron (1962),  Fielder (1963),  
Urey (1965).)  The present study, therefore,  was confined to an attempt to 
distinguish between these types of rock  only .  Ter res t r ia l  rocks  of the 
intermediate   and  ul t rabasic   types  have not been  considered  here   but  a 
similar sys t em for  dis t inguishing  between  them  can  probably be devised.  
Basic   Assumptions 
In the fol lowing discussion two assumptions are  made:  (1)  The ele-  
ments   p resent   in   the   sample   a re   ion ized   in   p ropor t ions   bear ing  a known 
re la t ionship   to   the i r   re la t ive   p ropor t ions   in   the   sample ,   and  (2)  the isotopic 
compositions of the   e lements   on   the   lunar   sur face   a re   s imi la r   to   the i r   i so-  
top ic   composi t ions   in   the   ear th ' s   c rus t   and   the   meteor i tes .  
Assumption  (1)  can  be  satisfied  by  proper  choice of the  ion  source 
and analysis  of a .few samples  of known composition. Assumption (2) 
appears  qui te  safe ,  cer ta inly as a first  approximation, in view of the   g ros s  
i so topic  s imi la r i t i es  be tween te r res t r ia l  and  meteor i t ic  samples .  The  re -  
su l t s  of this  study  are  not  affected  by small f luctuat ions  in   the  isotopic  
composi t ions  such as a re   gene ra t ed  by n o r m a l   t e r r e s t r i a l   g e o c h z m i c a l   p r o -  
c e s s e s .  
Choice of E lemen t s  
The  choice of e lements   best   sui ted  to   the  dis t inct ion of the  var ious 
rock  types is dictated  by  two  requirements:  ( 1 )  They   mus t ,   e i t he r   s epa ra t e ly  
or   in   combinat ion  with  others ,   be   specif ic  of the  rock  types,   wi th   the  smallest  
possible   overlap of concentration  ranges  between  rock  types,   and ( 2 )  they   mus t  
be easi ly   and  unequivocal ly   ident i f ied  and  measured  in  a comple te   o r   par t -  
i a l   m a s s   s p e c t r u m  of a rock.  
Compilations of chemica l   ana lyses   for   the   var ious   rock   types   were  
drawn from the fol lowing sources:  grani tes  - Clarke (1924), Nockolds 
(1954),  Tuttle and Bowen (1958),  basalts - Clarke (1924), Tilley (1960), 
Yoder and Tilley (1962), Muir, Tilley and Scoon (1964), tektites - Tay lo r  
(1962), Chao (1963), Schnetzler and Pinson (1963), Schnetzler and Pinson 
(1964),  chondrites - Urey and Craig (1953),  Wiik (1956),  Mason (1962),  
Craig (1964),  achondrites - Urey and Craig (1953), Wiik (1956). 
Inspection of a l l   these   chemica l   ana lyses   soon   revea led   tha t   no  
s ingle   e lement   would  sat isfy  requirement   (1)   because  substant ia l   over laps 
occur between the concentration ranges of a l l   m a j o r ,   m i n o r ,   a n d   t r a c e  
e lements  of the  different  rock  types  under  consideration. 
The   da t a   mos t   ea s i ly   ob ta ined   f rom  mass   spec t r a   a r e   nuc l ide   o r  
e lement   ra t ios   ra ther   than  abundances of individual   nucl ides   or   e lements .  
The re fo re ,  a var ie ty  of plots of two   e l emen t s ,   e .g .  , F e   v s .   S i   o r  Mg vs .  
Si  e tc . ,  were invest igated with respect  to  requirement  (1) .  (See  a l so  d is -  
cussion by Wyllie in Kendall et al.,  1964.) While such plots, called varia- 
t ion  d iagrams,  represent  a conslderable  improvement  over  s ingle  e lements ,  
they   s t i l l   a re   very   l imi ted   in   the i r   ab i l i ty   to   d i s t inguish   rock   types   on   the  
b a s i s  of nucl ide  or   e lement   ra t ios   only.  
" 
The next  s tep is  a simultaneous plot of t h ree  e l emen t s .  An example 
of this   type  is   shown  in   Figure 1 which  shows  average  compositions of the 
rock types considered in  terms of F e ,  Mg and Si.  The posit ions of the points 
in such a d iagram can  be arr ived at  in  two different  ways.  The percentages 
of the  three  components  as obtained  f rom  the  total   chemical   analysis   ( in  
th i s   case   a tom  percent )   a re   reca lcu la ted  to  yield  percentages of the   sum 
of the three components  only and then plot ted.  The ternary coordinates  of 
each point add up to 100. Alternat ively the atomic rat ios  of any two pairs  
of the  three  components   are   calculated  and  the  proport ions of the compon- 
ents  of each   pa i r   cor responding   to   the i r   ra t io   a re   p lo t ted  on the  side of the 
tr iangular diagram bounded by the two. Mathematically expressed, for 
components A and B: 
B (in % on s ide A B )  = 100 1 t K  
The  points   thus  determined on two s ides  of the   d iagram  a re   connec ted  by 
sl.raight lines with their opposite apexes. The point of intersect ion of the 
two  l ines   i s   the   po in t   charac te r iz ing   the   sample   in   t e rms  of the   th ree   com-  
ponents.  The l ine derived from the remaining pair  of components will 
necessar i ly  a lso pass  through this  point .  The obvious advantage of t h i s  
latter method is the fact that knowledge of the  concentrat ions of the   th ree  
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w Fig. 1 - Ternary Variation Diagram Fe-Mg-Si (Atom%) 
components  is not  required  but  that  it is on ly   necessa ry   t o   de t e rmine   t he  
r a t i o s  of a n y   t w o   p a i r s   t o   a r r i v e  at the   p roper   po in t   in   the   d iagram.  As 
a mass spec t rometer   g ives   a tomic   ra t ios   and   no t   weight   ra t ios  all d ia -  
g r a m s   s h o w n   h e r e   a r e   p l o t t e d   i n   t e r m s  of a tom  pe rcen t .  
A var ie ty  of te rnary   combina t ions  of major   and   minor   e lements  
were  plotted  using  the  compilations of chemica l   ana lyses   r e f e r r ed   t o  
above,   and  each  plot   was  evaluated  in   terms.  of r equ i r emen t s  ( 1 )  and ( 2 ) .  
The combination Fe-Mg-A1 had to be given the highest  rating. The con- 
centration  ranges  in  weight  percent  and  the  atomic  ratio  ranges  for  these 
e lements   in   each  of the   rock   types   cons idered   a re   shown  in   Tables  1 and 
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T h e   t h r e e   e l e m e n t s   F e ,  Mg and A1 a lso   meet   requi rement  (2)  r e m a r k -  
ably wel l ,  bet ter  in  fact  than most  others .  This  is shown in Table 3 which 
l i s t s   the i r   i so topes   and   a l so   those  of s i l icon  together   with  each  isotope 's  
m a j o r   s o u r c e s  of i n t e r f e rence  in  the  mass  spec t rum.  Be low each  i so tope ' s  
mass i t s   na tura l   abundance   in   percent  is given. I t  can be seen from this 
table  that   none of the   major   i so topes  of t hese   e l emen t s   has  a natural   i 'sobar 
and   a l so   tha t   cor rec t ions   for   in te r fe rences ,  at least   to   the  extent   required 
for  the present  purpose,  should be relat ively easy for  Fe and Al .  The deter-  
mination of 24Mg, however, can be complicated by comparable amounts of 
t i t an ium  in   the   sample  as i tan ium's   doubly   charged   major   i so tope   48Ti   a l so  
gives  a mass line at the "Mg position. But even if  t h e r e  is much   T i ,  Mg 
m a y  still be  determined  by  use of the 26Mg isotope.  
Table  3 also  shows  that   s i l icon  does  not   meet   requirement  (2) s a t i s -  
fac tor i ly  as i t  is interfered  with  by  i ron  and  nickel ,   both  abundant   e lements ,  
e spec ia l ly   i n   me teo r i t i c   ma te r i a l .  
It i s   apparent   tha t   in   many  cases ,  i .  e .   whenever   t i tanium is  not  very 
abundant in the sample,  consideration of only the three isotopes z4Mg, 56Fe 
and  27Al  is   suff ic ient   to   obtain  good  es t imates  of the  re la t ive  proport ions of 
t h e s e   t h r e e   e l e m e n t s .  
The  s i tuat ion is  much  improved  and  simplified i f  an  ion  source is used 
which produces only s ingly charged ions.  In  that  case,  a l l  in terferences by 
multiply  charged  ions as discussed  above  are   e l iminated  and  more  general  
use  can be made of 24Mg and  the  isotopes of s i l icon  and  many  other   e lements .  
In the following discussion, however,  the possibil i ty of such   i n t e r f e rences  is 
taken  into  account .  
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Basalts 
Granites 
Tektites 
Chondrites (all c lasses)  
Basaltic  Type  Achondrites 
Chondritic  Type  Achondrites 
Table 1 
Concentration Ranges ( w t .  % )  
F e  Mg - -
4 . 8  - 10. 2 3 . 1  - - 7 . 0  
0 . 5 3  - 5 . 9  0 - 0.35 
0 .  98 - 5. 15 0. 23 - 3.0 
13.6 - 36.7  10. 2 - 17.3 
2 .3  - 1 7 . 0   1 . 9  - 10.6 
1 . 6  - 18. 8 14.0 - 24. 5 
A1 -
5 . 8  - 1.0.0 
5. 1 - 7 . 8  
4. 1 - 9 . 3  
0 .34  - 2 .8  
0. 92 - 14 .4  
0 . 1  - 1 .5  
1 
I 
I 
(3\ 
! 
Basal ts  
Grani tes  
Tektites 
Chondrites 
Basaltic  Type  Achondrites 
Chondritic  Type  Achondrites 
Table 2 
Atomic  Ratio  Ranges 
0 . 4  1 
2 . 0 2  
0 . 3 8  
0 . 3 5  
0 . 2 1  
0 . 0 3  
F e  F e  
A1 
-
- 1.40 0 .  27 - 0 . 6 7  0 . 4 1  
- =- 100 0 . 0 4  - 0 . 5 5  0 .00  
- 3 . 5 0  0 . 1 1  - 0 . 4 2  0. 06 
- 1. 56 4 . 4  - 45 .  5 . 3  
- 1 . 7 8  0 . 0 9  - 8. 5 0.  16 
- 0 .47  2 .4  - > 100 12. 
- 1 . 1 8  
- 0 . 0 6  
- 0 .47  
- 36. 
- a. 5 
- -100 
Table 3 
Isotopes of Mg, Al, Si, and F e  and  their  main  interferences (> 1% of mass to   be 
determined)  in  the mass spectrum of rocks  with  an  assumed  resolution of 100. 
Element  At. W t .  of Natural   Interferences  Easily 
Isotope (% Isobar  Corrected ? 
N a t ' l  Abund. ) 
A1 
Si 
F e  
Mg 24 
(78. 8) 
25 
(10.1) 
(11.1) 
( 100) 
26 
27 
28 
(92.  17) 
29 
(4. 71) 
3 0  
(3. 12) 
(5.9) 
54 
56 
(91.6) 
57 
( 2 .  20) 
(0.33) 
58 
none 
none 
none 
none 
none 
none 
none 
5 4 ~ r  
none 
none 
8Ni 
48Tit -t , (12C2)+  in  many  cases 
5 0 ~ i +  -t 50cr+  -t ? 
52Crt  -t, (25MgH)t, (CN)' Yes 
54Cr' ' , 54Fet ' , (26MgH) -t Yes 
56Fe' ' , 84Krt -t ' , (CO)' , N2 t difficult 
5 8 ~ e '  -t , 5 8 ~ i '   , (''si H)+ no 
6oNit ' , (29Si H)' , (NO)' no 
54Crt , (53CrH)t , (27A12)t ? 
(55MnH)t,  (28Si2)s,  (40Ca160)t Yes 
(56FeH)t,  (28Si29Si)t,  (55MnH2)t, (41K160)t ? 
58Nit , (57FeH)t , (56FeH2)' , ( 28 SI .30  Si) t, 
( 4 2 ~ a 1 6 ~ ) +  , ( 3 9 ~ ~ ) '  no 
T h e   F e  -Mg-A1  Variation  Diagram 
F r o m   t h e   d a t a  of Table  2 the  var ia t ion  f ie lds   shown  in   Figure 2 
were computed. The size,  shape and location of each  of these  f ie lds  is 
de te rmined   by   t h ree   pa i r s  of s t ra ight   l ines ,   fanning   ou t   f rom  each   cor -  
n e r  of the diagram and reaching the opposi te  s ide at, respect ively,  the 
maximum and  minimum  a tomic   ra t ios   in   the   rock   type  of the   two  e le -  
ments  named on that  s ide.  Each s t ra ight  l ine leaving an apex and cross-  
ing  the  diagram is the  locus of all points  having  the  same  atomic  ratio 
of the  two  elements  on  the  side  opposite  the  apex. 
F i g u r e  2 shows the variation fields of gran i tes ,  t ek t i tes ,  basa l t s  
(alkaline olivine-basalts and tholeii tes),  basalt ic type achondrites,  chon- 
d r i t e s  (all c lasses)  and  chondr i t ic  type  achondr i tes .  The  te rms  basa l t ic  
and  chondri t ic   type  achondri tes   are   used as defined  by  Urey  and  Craig 
( 1 9 5 3 ) .  The fields shown include all  the chemical analyses l isted in the 
compilations consulted,  with two exceptions: (1) Only about 90% of the 
basal t ic  type achondri tes  are  included in  that  f ie ld .  The remaining ana-  
l y ses  ( 3  out of 25) have a grea t  spread  and  fa l l  far outside the field.  In- 
clusion of these  analyses  would  have  enlarged  the  f ield of the  basal t ic  
type.   achondri tes   by  more  than a fac tor  of 3 which  seemed  unwarranted 
in  view of the   apparent  0 .  12 probabili ty of obtaining a point  outside  the 
field shown in the figure.  (2) For  the  same reason  one  chondr i te  ana lys i s  
out of more  than  100 was excluded. All  individual analyses consulted 
in   this   work  are   plot ted  in   Figure 2.  I t   wi l l   merely  be  ment ioned  here   that  
the division of the  chondri tes   into  two  dis t inct   groups,   the   Urey-Craig 
high- and low-iron chondrites,  can be clearly seen on this  plot .  Similar ly ,  
the  basalt ic  type  achondrites  appear  to  be  composed of two  groups  which 
by  analogy  may  be  called  high-  and  low-magnesium  groups  with  respect 
to   i ron   and   a luminum.  
The  overlaps  or   approaches  between  different   f ie lds   wil l  be dealt  
with  in  the  following  discussion  on how th i s   d i ag ram  may  be  used  for  the 
in te rpre ta t ion  of a mass spec t rum of an  unknown  rock. 
Application of the   Diagram 
A first inspection of the  spectrum  and  br ief   comparison  with  ref-  
erence  spectra   wil l   show  whether   or   not   the   unknown  sample is a s i l icate  
rock   which   may  be   compared   to   common  te r res t r ia l   rocks ,   t ek t i tes   o r  
s t o n y   m e t e o r i t e s .   g e x t  a semi-quant i ta t ive check of the Mg/Ti  ra t io  
using the isotopes Mg and 47Ti will he1 to  decide whether  or  not  a 
considerable  correct ion for  48Ti  at the “Mg posit ion is requi red .  If 
t h i s  i s  not   the  case  the  isotopic   ternary  system  56Fe - 24Mg - 27Al shown 
in  F igu re  3 m a y  be used.  Figure 3 i s  based  on the  same  da ta  a s  F igu re  2 
and exhibi ts  essent ia l ly  the same features  in  s l ight ly  dis tor ted form.  I t  
may  be used as a short-cut   whenever   the  a tomic  ra t ios  of t h e s e   t h r e e   i s o -  
topes can be easi ly  ascer ta ined.  In  this  case then it is on ly   necessa ry   t o  
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Fig. 2 - Ternary Variation Diagram Fe-Mg-A1 (Atom'%) 
Fig. 3 - Ternary Variation Diagram 56 Fe-24Mg-27Al (Atom%) 
measure   any   two  ra t ios  of these   th ree   i so topes ,   p lo t   the   po in ts   cor re-  
sponding  to   these  ra t ios   on  the  appropriate   s ides  of the  tr iangle  and  connect 
them  with  the  opposite  apex  in  each  case.  
In   the   case  of a sample  having a high  t i tanium  content ,   e lemental  
ra t ios   have  to   be  determined  and  plot ted  in   an  analogous  manner   on  the 
d i ag ram of F i g u r e  2. The fol lowing discussion appl ies  to  e i ther  case.  
If the  point of, in te rsec t ion  falls within a unique  field  in  the  dia- 
g r a m  it may  quite  safely  be  assumed  that   the  unknown  sample  has  chem- 
i ca l   cha rac t e r i s t i c s   ve ry  similar to   those  of the  rock  type of tha t   par t ic -  
u la r  f ie ld .  Fur ther  charac te r iza t ion  can ,  of cour se ,  be accomplished by 
additional  evaluation  of  the mass spectrum  and  comparison  with  reference 
spec t r a .  If the unknown falls into an area which lies within or very near 
the  variation  field of 2 rock   types  it is obviously  necessary  to   examine 
addi t iona l   e lements   in   o rder   to   a t t r ibu te   the   sample   to  a cer ta in   rock  type.  
These  cases   wil l   be   discussed in the  following  paragraphs.  
(a )  Grani tes  and  tek t i tes .  - Relatively few tekti te compositions 
(al l  of which   a re   Nor th   Amer ican   spec imens)  fall near   the   g ran i te   f ie ld  
but an  addi t ional   cr i ter ion  is   needed  to   dis t inguish  between  tekt i tes   and 
g ran i t e s  i f  an  unknown  sample  falls   near  the  border  zone of the  two 
f i e lds .  The re  i s  a marked difference in  a lkal i  content  which is  roughly 
twice  as  h igh  in  gran i tes  as  in  tek t i tes .  The  K/Mg ra t io  i s  p robably  the  
most  specif ic  of all t he  ma jo r  e l emen t  pa i r s .  Moreove r ,  K is another 
e lement  qui te  eas i ly  measurable  in  a mass spec t rum.  Table  4 compares  
the K and Mg ranges  of grani tes   and  tekt i tes   and  shows  that   the   a tomic 
ra t io   K/Mg  var ies   f rom 0 .  3 3  t o  3 .  5 in   t ek t i tes   and   f rom 7. 3 t o  =- 100 in 
grani tes ,   making  possible   their   d is t inct ion  in   a l l   cases .  
(b)  Tekt i tes  and basal ts .  - Only a few extreme composi t ions of 
these two rock types overlap on the Fe-Mg-A1 plot.  If an cnknown sample 
f a l l s   i n to   t h i s   a r ea  of the  diagram  i t   can  be  classified on the  basis  of an 
addi t ional  rough determinat ion of the Mg/Si ratio.  Table 5 compares  the  
ranges  of this  ra t io  in  basal ts  and tekt i tes .  The highest  value of 0 .  11 for  
tekt i tes   which is c loses t   to   the   basa l t   va lues   i s   f rom  an   i so la ted   ana lys i s  
of a javanite and is cer ta in ly  not typ ica l   for   t ek t i tes .   Thus   i t   appears  
quite  possible  always  to  dist inguish  between  these  two  rock  types.  
(c)  Basal ts  and basal t ic  type achondri tes .  - As the name implies ,  
the basa-ic type   achondr i tes   a re   chemica l ly   s imi la r   to   the   basa l t s   and   in  
view of t h i s   f ac t   i t   i s   r emarkab le  how weli   the  Fe-Mg-A1  plot  separates 
these achondrites from the basalts.  Any unknown fall ing close to both 
f ie lds   wil l   have  to  be dealt with on an  individual   basis .  Na is general ly  
much more abundant  in  basal ts  than in  the achondri tes .  Comparison with 
a basal t   s tandard  might   a lso  reveal   large  differences  in   some  other   e le-  
ments   which  would  suggest   achondri te   mater ia l  as the  basalts  exhibit  a 
re la t ively small s p r e a d .  
(d) Chondri tes  and chondri t ic  type achondri tes .  - The approach 
in   t he   d i ag r ’axe tween   t hese   two   rock   t ypes   does   no t   appea r   c r i t i ca l ly  
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Grani tes  
Tekt i tes  
Basa l t s  
Tekt i tes  
Chondrites 
C . T . A .  
Table 4 
Comparison of Granites  and  Tektites 
Weight % 
K Mg - -
3 . 2  - 6 . 6  0 - 0 . 3 5  
0 . 6 8  - 3 .  1 0 .23  - 3 . 0  
Table 5 
Comparison of Basalts  and  Tektites 
Weight % 
Si Mg - -
21. 1 - .26. 7 3 . 1  - 7 . 0  
32. 1 - 3 9 . 5  0.  23 - 3 . 0  
Atomic  Ratio 
K/Mg 
7 . 3  - 100 
0 . 3 3  - 3 . 5  
Atomic  Ratio 
Mg/Si 
0. 15 - 0 . 3 8  
0 . 0 1  - 0 .11  
Table 6 
Comparison of Chondrites  and  Chondritic  Type  Achondrites 
Weight % Atomic  Ratio 
Si - F e  - Si /Fe  
0 .80  - 3. 2 
1 8 . 8  - 2 6 . 9  1 . 6  - 18.8  3.  2 - 19. 
close  in   view of the  implied  s imilar i t ies  of the two groups, Only one iso- 
lated chondrite analysis falls into the achondrite field.  An unknown falling 
near   both  f ie lds   can  best   be   c lass i f ied  as   one o r  the  other by an  additional 
determination of the  Si/Fe  ratio  which is lower  in  chondrites  than  in  the 
chondrit ic type achondrites as is shown in Table 6 .  It is significant here 
that none of the  low  Si/Fe  achondrites  fall  near  the  chondrite  field  on  the 
Fe-Mg-A1 diagram thus making possible an unequivocal dist inction. It 
might   a lso be  mentioned  here  that it would  be.   straightforward  to  test  
chondrite material for  some other  e lements ,  such as carbon, i f  a fur ther  
character izat ion  were  desired.  
Final ly ,   there   remains,  of course, the chance that an unknown may 
fall  outside any of the f ie lds  discussed here .  Such a case might be r a r e  
achondri te   mater ia l ,   perhaps  another   rock  type  with  terrestr ia l   equivalent  
not  included  here  or  something  quite  unlike  any  material   known  to  us  at  
present .   I ron  meteori tes   would  natural ly   be  located  a t   or   very  near   the 
F e  c o r n e r  of the diagram. Stony irons have insignificant amounts of 
aluminum  and  fall   on  or  near  the  Fe-Mg  side of the  diagram  in  the  chon- 
drite-chondrit ic type achordrite range. But as far as today's preponde'rant 
theories   are   concerned,   chances  for   f inding  any of these   mater ia l s  on the 
lunar  sur face  a re  smal l .  
Conclusions 
The  ternary  var ia t ion  diagram  Fe-Mg-A1  has   been  shown  to   be  most  
usefu l   for   chemica l ly   c lass i fy ing   lunar -sur face   mater ia l   in   t e rms  of rock 
types most commonly thought to occur on the lunar surface.  Plott ing of 
mass spec t ra l   da ta  on th i s   d iagram  provides  a s imple  and  fas t   means for 
accomplishing this  c lass i f icat ion.  In  many cases  determinat ion of only two 
nuclide or element ratios is sufficient;  quantitative assay of element con- 
centrat ions is  unnecessary.  In  other  cases ,  determinat ion of an additional 
e lement   ra t io   or   comparison  with a few  s tandard  spectra   may be requi red .  
References  
Chao, E .  C .  T .  , The  pe t rographic   and   chemica l   charac te r i s t ics  of tek t i tes ,  
in.: Tekt i tes ,  J. A .  O'Keefe (ed.) ,  Univ.  Chicago Press,  pp. 51-94 
l-63)- 
C la rke ,  F. W . ,  The  da ta  of geochemis t ry ,  U..S. Geol.  Survey Bull .  770, 
841 pp (1924). 
Craig,   H.  , Pet1  Dlogical   and  composi t ional   re la t ionships   in   meteori tes ,  
in:  Isotopic  and Cosmic Chemistry,  H. Cra ig ,  S .  L. Mi l l e r ,   G .  J. 
Wasserburg (eds.) ,  North Holl .  Publ .  Co. ,  pp 401-451 (1964) .  
F i e l d e r ,  G . ,  N a t u r e  of the lunar maria,  Nature 198, 1256- 1260 (1963).  - 
Kendal l ,  B .R.  F . ,  L . F .  Herzog, P. J .  Wyllie, D . S .  Edmonds ,  C.  Bauer ,  
Analysis  of the  lunar   surface  and  a tmosphere  by mass spectroscopy,  
NASA-CR-56552, 168 pp (1964). 
Mason, B . ,  Meteorites,  John Wiley & Sons ,  Inc . ,  274 pp (1962). 
Miyamoto, S .  , A geological  interpretat ion of the lunar  surface,  Planet .  
S p a c e   S c i . ,  - 2, 256-260  (1960). 
Muir ,  I .  D . ,  C . E .   T i l l e y   a n d   J .  H. Scoon,  Basa l t s  f rom the  nor thern  
p a r t  of the rif t  zone of the Mid-Atlantic Ridge, J .  Pe t ro l .  5 ,  409-  
434 (1  964). 
- 
Nockolds, S. R . ,  Average chemical  composi t ion of some igneous  rocks ,  
Geol.  SOC. Am. Bull .  65,  1007-1032 (1954).  - 
O ' K e e f e ,  J . A . ,  T h e  o r i g i n  of t ek t i t e s ,  i n :  Space  Res .  P roc .  1 s t  In t .  Space  
S c i .  S y m p . ,  H. K. Bijl  (ed.)  North Holl .  Publ.  Co.,  pp.  1080- 1105 
(1960). 
O 'Keefe ,  J .A.  and  W.S.  Cameron,  Evidence  f rom the  moon ' s  sur face  
fea tures  for  the  product ion  of lunar grani tes ,  Icarus  1 ,  271-285 
(1962). 
- 
Schnetz le r ,  C .  C.  and  W .  H .  P inson ,  J r .  , The chemical  composi t ion of 
tekt i tes ,  in:  Tekt i t .es ,  J .A.  O'Keefe (ed.)  Univ.  Chicago Press ,  
p p   9 5 - 1 2 m 9 6 3 ) .  
Schnetzler ,  C.  C.  and W .  H. Pinson, J r .  , A repor t  on some recent  major  
e lement  ana lyses  of tek t i tes ,  Geochim.  Cosmochim.  Acta  28, 793- 
806  (1  964). 
-
Taylor ,  S .R. ,  The  chemica l  composi t ion  of aus t ra l i tes ,  Geochim.  COS-  
mochim.  Acta  26, 685-722 (1962). -
14 
Ti l ley ,   C .  E.  , Differentiation of Hawaiian  basal ts :   some  var iants   in   lava 
su i tes  of dated Kilauean eruptions,  J .  Petrol .  1 ,  47-55 (1960) .  
Tut t le ,  0. F. and N.  L.  Bowen, Origin of grani te   in   the  l ight  of exper imenta l  
- 
s tudies   in   the   sys tem  Na A1 S i 3 0 8  - K A1 S i 3 0 g  - S i 0 2  - H20,  Geol.  
S O C .  Am. Memoir  74, 152 pp (1958). 
Urey, H. C. , Meteorites and the moon, Scien.ce 147, 1262-1265 (1965). 
Urey, H. C. and H. Craig,  The composi t ion of the  s tone  meteor i tes  and  
- 
the  or igin of the  meteor i tes ,  Geochim.  Cosmochim.  Acta  4 ,  36-82  
(1953). 
- 
Wiik, H. B.  , The  chemical   composi t ion of some  s tony   meteor i tes ,  
Geochim. Cosmochim. Acta 9,  279-289 (1956).  - 
Yoder, H . S . ,  Jr. and C .E .  T i l l ey ,  Or ig in  of basa l t  magmas:  an 
experimental   s tudy of natural   and  synthet ic   rock  systems,  J .  
Petrol. 3, 342-532 (1962). - 
